Subtilisin Carlsberg (SC) was lyophilized from an aqueous buffer solution containing different amounts of unmodified commercial fumed silica. The activity of the enzyme/fumed silica preparation in hexane was compared to pure freeze-dried enzyme, and to a freeze-dried preparation reported in the literature with potassium chloride as additive. A sharp increase in enzyme activity was found to correlate with an increasing amount of fumed silica added to the enzyme solution prior to freeze-drying. A weight-ratio of 98.5wt% fumed silica relative to the mass of the final enzyme/fumed silica preparation led to about 130 fold increased activity of SC in hexane (when compared to pure lyophilized SC in hexane). This is about twice the activation effect compared to including potassium chloride in the buffer solution before freeze-drying [1] .
Introduction
So-called "nonaqueous enzymology" has become an important area of research and development [2] . Enzymes exhibit a wide array of novel reactivities and selectivities in non-aqueous solvents.
For example, many reactions that are impossible in water due to kinetic or thermodynamic reasons can be performed in organic solvents [3, 4] due to the suppression of water-induced side reactions. Improved and altered substrate specificities [5, 6] and selectivities can be observed.
Examples of practical applications are enantioselective synthesis [7] , chiral resolution [8] and combinatorial biocatalysis [9] . The possibility of the solubilization of hydrophobic substrates or products in organic solvents opens opportunities for the enzymatic production of poorly water soluble fine chemicals and pharmaceuticals. The thermal and storage stability of enzymes can be significantly enhanced in nonaqueous media [2, 4, 5] .
One challenge for the use of enzymes in organic media is the decreased catalytic activity which is in general orders of magnitude lower compared to aqueous solution. Several methods to overcome this disadvantage have been investigated. Reversed micelles [10] , the immobilization on a variety of materials [11] , or surface modification of the enzyme can be employed [12] [13] [14] .
Immobilization on ceramics was reported for the improvement of enzymatic catalysis at low temperatures [15] . Addition of disodium hydrogenphosphate or L-alanine prior to lyophilization was reported to improve enantioselectivity but not the enzyme activity over native lipase for a reaction in isopropylether [16] . One of the most successful methods to increase the relatively low activity of enzymes in organic media is the addition of inorganic salts before lyophilization of the enzyme [17] [18] [19] . The activity of subtilisin Carlsberg (SC) in different organic solvents was increased almost 4000 fold by addition of 98wt% of KCl (relative to the final enzyme preparation mass) to the enzyme in aqueous buffer solution prior to lyophilization [18] . optimum water concentration in the solvent a 27000 fold enhanced activity of SC in hexane compared to the salt-free lyophilized enzyme was reported [1] .
The detailed mechanism of this enzyme activation by freeze-drying in presence of KCl is not entirely clear. It has been hypothesized that the enzyme-bound water (sometimes termed essential water) is the main factor of altered enzyme activity in organic media [20] . This water is thought to provide the enzyme molecule with the internal mobility which is apparently necessary for enzymatic catalysis [4, [20] [21] [22] . By adding highly kosmotropic salts prior to freeze-drying aqueous enzyme solutions this essential water is thought to be supplied to the enzyme via the salt [19, 23] . According to this view, the presence and type of salt would have a significant influence on activation.
We hypothesize here that the low activity of enzymes in organic solvents is mainly due to mass transfer limitations. Since enzymes are not soluble in organic solvents, they will remain in the form of massive "sheets" of protein (see below) that form during freeze-drying of pure enzymes from aqueous buffers. Inorganic salts added, together with rapid pre-freezing in liquid nitrogen (LN 2 ) provide a large surface area in form of small salt crystals so that enzymes are finely divided on the surface of the crystals when the salt/enzyme preparation is dispersed in an organic solvent. We show below that salts are not needed to achieve similar or better activation. LN 2 pre-freezing can be omitted if a "pre-formed" high surface area material such as fumed silica (FS) is used to immobilize the enzyme. We freeze-dried commercial SC from an aqueous buffer solution containing fumed silica (native particle diameter 7-50 nm). Fumed silica possesses an exceptionally high specific surface area. An activation of the enzyme that can be compared to and sometimes even exceeds that of KCl-activated SC [1] 
Analytical
To determine the amount of the enzymatically synthesized N-acetyl-L-phenylalanine propyl ester (APPE), 400 µL aliquots of the homogeneous reaction mixtures were taken and spun at 3300 rpm for 30 seconds in Eppendorf tubes using a microcentrifuge. The supernatant was then 
Procedure to prepare enzyme preparations
Enzyme masses were determined by weighing the as-received enzyme. SC was diluted by shaking in a 10 mM potassium phosphate buffer at pH 7.8 (at room temperature) so that enzyme concentrations of 0.1 mg/mL to 6.67 mg/mL were achieved. As-received fumed silica was added to reach 0 to 98.5wt% of silica relative to the final enzyme preparation mass. The aqueous preparations were sonicated for 10 minutes in a water bath to form homogeneous suspensions. A 
Kinetic Measurements
The kinetic constants v max and K m for the enzyme preparations were determined in nearly anhydrous hexane containing 8.3 +/-3.1 ppm (w/w) H 2 O as determined by Karl-Fischer titration.
The method for enzyme activation by adding inorganic salts prior to lyophilization [1] was reproduced for reference. Our data and the data from reference [1] are shown in Table 1 comparison. Considering variability in the enzyme preparation and the overall methods we were able to reproduce the literature values reasonably well.
The model reaction was the transesterification reaction of N-acetyl-L-phenylalanine ethyl ester
(APEE) with 1-propanol. This reaction was carried out as reported elsewhere [1] .
5 mg of activated enzyme preparation were added to 5 mL of hexane containing 5-40 mM APEE, 0.85 M 1-propanol and 1.5 mM nonadecane as a non-reacting internal standard for GC analysis.
The transesterification was carried out in 15 mL Teflon-lined screw capped glass vials constantly shaken in an incubator at 30°C. Initial rate measurements were carried out over a period of 30-75 minutes for additive-containing enzyme preparations (fumed silica or salt) and due to lower reaction rates for 90-270 minutes for additive free lyophilized SC. Initial rates were determined from linear fits over the average values of the GC measurements taken in duplicate. Kinetic parameters were calculated by fitting the obtained initial rate data to the Michaelis-Menten equation using Lineweaver-Burk plots. Figure 1 shows the good linearity of the LineweaverBurk plot for the model reaction (above) catalyzed by our SC preparation with 98.5wt% fumed silica.
A reference experiment where no enzyme was added, but the fumed silica was included and processed identically to the enzyme activation experiments showed no measurable catalytic activity.
The final water content of the supernatant (spun for about 2 minutes at 3300 rpm in a centrifuge) after completing the assay was determined by Karl Fischer titration to range between 257 ppm and 318 ppm (w/w) depending on the added substrate concentration. This increase in water content compared to the initial water content in hexane is mainly due to the addition of water with the 1-propanol and the enzyme preparation. Figure 2 shows the enormous enhancement of the transesterification activity (represented by the initial reaction rate) of lyophilized SC in hexane as a function of the fumed silica content of the catalyst preparation. A sharp increase in activity was observed as the fumed silica content reaches up to 98.5 wt%. This strong activity increase at high relative amounts of additive (salt or, in our case, fumed silica) relative to the mass of preparation is similar to results for inorganic salts [18] . Figure 3 shows the effect that the addition of 98.5 wt% fumed silica has on the initial reaction rates at different substrate concentrations compared to a SC preparation containing 98 wt% KCl and an additive free one (enzyme-only, lyophilized). fold over salt activation. While the value of K m stayed nearly constant the increase in catalytic efficiency appeared mainly due to the enhanced maximum velocity. Also shown in Table 1 is an experiment where we replaced the LN 2 pre-freezing step for our fumed silica activation procedure by simple shelf-freezing in a refrigerator at -20°C. The results show that the efficiency can be further increased due to the lowered K m whereas v max remained nearly constant.
Results and Discussion
While SC with an isoelectric point of pH 9.8 possesses a positive net surface charge in the buffer (pH 7.8) from which it was lyophilized, fumed silica has a negative surface charge at this pH.
This surface charge likely aids in non-covalent immobilization.
The presence of fumed silica or KCl influences the physical result of lyophilization. Figure 3A shows a scanning electron micrograph (SEM) of SC which has been lyophilized in the absence of FS or KCl. Figure 3A can be compared to environmental SEM pictures for lyophilized subtilisin [24] . The structures shown in [24] show some resemblance to our sheet-like structures ( Figure 3A) . A direct comparison may be complicated by possible differences in the lyophilization procedure. The concern for mass transfer limitations in pure lyophilized enzyme powder is expressed in [24] and our work supports this concern.
After our lyophilization process the additive-free enzyme is present in the form of sheets, some of which have thicknesses on the order of micrometers. If this preparation were used in water the sheets would likely dissolve allowing each enzyme molecule to catalyze the desired reaction.
Yet, when used in hexane, the enzyme will not dissolve. In hexane the enzyme molecules in the interior of the sheets seen in Figure 3A are essentially useless for catalysis.
In contrast, when the lyophilization takes place in presence of a significant amount of FS, the resulting particles are much smaller. As shown in Figure 3B , the particle sizes are now on the order of 1/100th of a micrometer or smaller. This is consistent with the size of individual "native" FS particles (native diameter about 7-50 nanometers). We hypothesize that the resulting preparation consists of non-porous FS particles with enzyme deposited on the surface. The thickness of the enzyme layer is dependent on the ratio of mass of enzyme to the available surface area of FS.
For comparison, an image of enzyme lyophilized in the presence of KCl is shown in Figure 3C .
Salt crystals of sub-micrometer dimensions are evident. The differences in the geometry and specific surface area (surface area per mass) of salt crystals and FS may play an important role in determining the apparent catalytic activity per mass of enzyme.
We hypothesize that mass transfer limitations are the major obstacle to high activity of the pure SC in hexane. If this is true, any preparation procedure that produces well dispersed enzymes in hexane will have a higher activity than the enzyme alone. Below we will show experimental evidence to support this hypothesis. Figure 5 shows schematically how enzyme molecules may interact with the fumed silica surface.
We shall assume that only enzyme molecules that are directly exposed to solution contribute significantly to the enzyme activity that is detected. This assumption is supported by the very low activity of pure lyophilized enzyme in hexane, where thick sheets of enzyme only allow few enzyme molecules to have relatively unimpeded access to substrate. where N Av is Avogadro's constant and MW SC is the molar mass of SC which was assumed to be 27000 g/mol. Figure 6 shows that the experimentally determined catalytic activities for SC preparations still increase far above the estimated monolayer value of m FS /m SC of 1.72. Reasons may include that the surface area of FS actually available for enzyme immobilization is less than the area reported by the manufacturer, and that the optimum monolayer packing density for fully accessible and active enzyme molecules may be less than the perfect coverage assumed above.
We hypothesize that the intersection of the trend lines in Figure 5 (m FS /m SC~2 3) indicates where a further increase of the relative amount of mass (or available area) of FS available to the enzyme does not contribute strongly to increase enzymatic activity since the available area is already nearly sufficient for all enzyme molecules to be easily accessible to the solution. These results can be checked against the specific catalytic activities (catalytic activity normalized by mass of final enzyme preparation) in hexane for the different enzyme preparations. Since an increase in the amount of FS in the preparation is only effective (in respect to the catalytic activity) until every enzyme molecule is finally accessible, a maximum should occur at about 96 wt% FS according to the considerations above ( Figure 5 ). The enzyme preparation containing 95 wt% FS shows the highest specific catalytic activity. Substrate conversions after 60 min for the different FS containing enzyme preparations at an initial substrate concentration of 5 mM also reach the maximum of 25.0% at 95 wt% FS.
To provide additional support for our hypothesis that an increased availability (and activity) of enzyme molecules is achieved by dispersing them on a non-porous support another support was
tested. An inorganic hydrophilic material (Aeroxide ® Alu C) was employed to investigate if material-specific effects could be detected for the observed activation. Aeroxide ® Alu C is a highly dispersed fumed aluminum oxide with a nominal specific surface area of 100 +/-15 m 2 /g (about 1/2 the value of FS). The enzyme preparation was prepared as described above for fumed silica. A final weight ratio of Aeroxide ® Alu C of 98.5 % with pre-freezing for 20 min in LN 2 was prepared. Since K m remained nearly constant when compared to the equivalent FS preparation (Table 1) , the 1.5 fold increase in catalytic efficiency can be ascribed to the increase in v max of about 60 %. This further supports our hypothesis that the activation of enzymes in organic media observed here is due mainly to improved mass transfer and is largely independent of the support material.
Finally, our results achieved here using KCl and reported in Table 1 to and after lyophilization. While these interactions may contribute to the properties of saltcontaining preparations, the simpler explanation of reduced mass transfer limitations by dispersing the enzyme molecules on a surface at or below monolayer coverage appears to be the dominant effect.
It was reported that the salt activation method showed the best results when the mixtures were pre-frozen most rapidly in LN 2 [1] . It is well known that more rapid cooling of solutions of inorganic salts will generally produce smaller salt crystals. The results for LN 2 pre-freezing of salt-containing enzyme solutions therefore seem to support our hypothesis that an increased surface area available for enzyme immobilization is to a large part responsible for increased enzyme activity.
Conclusions
SC can be highly activated in organic solvents by lyophilization in the presence of fumed silica and fumed aluminum oxide. The activation reaches and sometimes exceeds that reported using inorganic salts as additives before lyophilization. The amount of fumed silica needed can be related to the surface area needed for formation of an enzyme monolayer. Once enzyme multilayers are formed any additional enzyme appears not well utilized for catalysis. Our work shows strong evidence that mass transfer limitations are one main obstacle to the efficient use of enzymes in organic solvents. Specific interactions of soluble salts with enzymes are not needed to produce activated SC preparations for use in hexane. The availability of easily produced and inexpensive highly active enzyme preparations for use in organic solvents may advance applications such as the production of specialty polymers and optically active specialty chemicals and pharmaceuticals [2] . 
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